The synthesis of 6, 7, Ptr) (9) starting from 2,4-diamino-6-hydroxymethylpteridine (I) is described. A special protecting group strategy had to be applied to perform the structural modifications. The introductio n of the azido function was achieved by a Mitsunobu reaction converting the N 2 -N ,N -dimethylaminomethylen-6 -hydroxymethyl-5-pivaloyl-5,6,7 ,8-tetrahydropterin (7) with diphenylphosphoryl azide into the corresponding 6-azidomethyl derivative (8). The newly synthesized compounds have been characterized by elemental analyses, UV, IR and IH-NMR spectra. The photolysis of 6-AzmH 4 Ptr (9) and its inactivation effect upon aromatic amino acid mono oxygenases has been studied
Introduction
Pterins are found in three oxidation states in nature: the oxidized, the dihydro, and the tetrahydro form (1, 2) . The latter is the most biologically active one, as demonstrated by the extensively studied L-erythro-5,6,7,8-tetrahydrobiopterin (H4Bip ) (3) , which functions as the electron donor for mixed function oxidases such as phenylalanine (PAH), tyrosine (TH), and tryptophan (TrpH) hydroxylase during biogenic amine biosynthesis (4, 5 ) . The binding of 6 -methyl-5,6,7,8 -tetrahydropterin to human recombinant TH1 (hTH1) has *Part C VI. K.W. C ha, J .Yim and W . Pfleiderer, Helv. C him. Acta. 1995, 78, 600. P teridines/ Y o l. 6 / N o . 4 recently been shown by lH-NMR studies (6) , indicating that photo affinity labeling with an appropriately substituted analog may be a useful approach to characterize the cofactor binding site in the enzyme . The design of an azido analogue of 6-phenyl-tetrahydropterin for the photoaffinity labeling of PAR has been described (7) . A close structural analog to the natural cofactor H4Bip was seen in the 6-azidomethyl-5 ,6 ,7,8-tetrahydropterin (6-AzmH4Ptr) (9) . The synthesis of (6-AzmH 4 Ptr) and some of its photodegradation products will be described in this paper.
Results and Discussion
The synthesis of 6-azidomethyl-5,6,7,8-tetrahy-dropterin (9) was approached from 2,4-diamino-6-hydroxymethylpteridine (I) as starting material (IS), which was firstly converted into 6-hydroxymethylpterin (2) by treatment with 0.1 N NaOH for 5 hours to give a 73% yield. Reaction with 2 with isobutyric anhydride in pyridine afforded N 2 -isobutyryl-6-isobutyryloxymethylpterin (3), which was then subject to catalytic hydrogenation with Pt0 2 /H 2 in MeOH/trifluoroacetic acid to 4 and followed by subsequent acylation by pivaloyl chloride to form N 2 _ isobutyryl-6-isobutyryloxy-methyl-S-pivaloyl-5,6,7, 8-tetrahydropterin (5) in 57% yield. All attempts to deblock 5 selectively in the side chain to N 2 _ isobutyryl-6-hydroxymethyl-5 -pivaloyl-5 ,6,7,8-tetrahydropterin failed due to the very labile amide function in 2-position. However, treatment with methanolic ammonia converted 5 smoothly into 6-hydroxymethyl-5-pivaloyl-5,6,7,8-tetrahydropterin (6) in 63% yield. At this stage we tried the conversion of 6 by various reagents such as SOCl z , POCI 3 , Ph 3 P /CCI 4 and Ph 3 P /Br2 into the corresponding 6-halomethyl derivatives, but so far without any success and maybe due to solubility reasons which often create difficulties in the pteridine series_ A drastic improvement of the solubility in organic solvents \'-as achived by the reaction of 6 with dimethylformamide-diethylacetal protecting the amino group to give 2-N,Ndimethylaminomethylene-6-hydroxymethyl-5-pivaloyl-5,6,7,8-tetrahydro-pterin (7) after chromatographical isolation and purification in 52% yield. With this substance vanous displacement CI-b reactions converting the hydroxymethyl into a halomethyl group were tried, but again without success. Finally, the Mitsunobu reaction (9) applying diphenylphosphoryl azide, triphenylphosphane, and ethyl azodicarboxylate on 7 in DMF afforded directly the formation of 6-azidomethyl-2-N,N -dimethylaminomethylene-5-pivaloyl-5,6,7,8-tetrahydropterin (8) in 72% yield. The last step of the anticipated synthesis of 9 was performed by methanolic HCI at elevated temperature to remove the protecting groups and leading to the air-stabile 6-azidomethyl-S,6, 7,8-tetrahydropterin dihydrochloride salt (9) , which was obtained in 56% yield.
Physical Properties
The various types of new pterin derivatives have been structurally characterized by the chemical pathway and physical means. Elemental analyses prove the compositions and the UV spectra are in good agreement with simpler model substances (10). 6-Azidomethyl-S,6,7,8-tetrahydropterin (9) shows two basic pKa-values at the normal pH range at 0.5 and 4.5, reflecting the equilibria between the dication and monocation , as " -ell as the mono cation and the neutral species. The latter molecular form shows the longest Lv absorption whereas protonation is associated with a typical hypsochromic shift (Figure 1 ) . The 1 H-NMR spectra of the tetrahydro derivatives, on the other hand, are of complex nature due to the conformational flexibility of the tetrahydropyrazine Relative V max 100 42
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The kinetic values were determined by non-linear regression fitting, using the Michaelis-Menton equation. The estimated errors (s.e.m.) were less 10% of the values given.
ring and the presence of a new chiral center at the C-6 position.
Biochemical Properties and Photolysis
Aromatic amino acid hydroxylases can use a number of different 6-and 7 -substituted tetrahydropterins as cofactor, and the kinetic constants obtained for the various analogs vary with the nature of the alkyl side chains. 6-Azidomethyl-5,6, 7,8 -tetrahydropterin (6-AzmH 4 Ptr) (9) was found to have an exceptionally low K.n -value with both TH and PAH, even lower than that of the natural cofactor H4Bip (Table 1) , which shows that it has a high affinity for the enzymes. The V max value in the TH reaction was, however, only 42% of that obtained for H4Bip.
The enzymatic hydroxylation of the substrate (i, e . phenylalanine or tyrosine) is reported to be tightly coupled (mol/mol) to the oxydation of the natural cofactor H4Bip. However,it has been shown that by the use of certain substrate or cofactor analogs, this coupling efficiency can be greatly reduced (11,12). The coupling efficiency (mol hydroxylated product/mol quinonoid dihydropterin) of 6-AzmH 4 Ptr was found to be 0.90 for the TH catalyzed reaction and 0.97 for the PAH reaction, respectively, demonstrating that ( 6-AzmH 4 Ptr) functions as an efficient cofactor in terms of producing hydroxylated product (13, 14) . Nitrenes constitute the majority of reactive species generated upon photolysis of organic azides. Generally arylazides are used as precursors for nitrenes in the photoaffinity labeling of proteins. Arylazides offer excellent stabilities in the dark, and usually have low susceptibility to intramolecular rearrangement after photolysis (15). This is in contrast to alkylazides which, although reasonably stable in the dark, are highly susceptible to intramolecular rearrangements upon photolysis. Photolysis of 6-AzmH 4 Ptr generated two main products. One was identified as 6-methyl-5,6,7,8-tetrahydropterin (6-MH4Ptr) by co-chromatography and its UV-spectrum, indicating that the azido group is cleaved reductively during photolysis.
The second breakdown product showed an UVspectrum different from most tetrahydropterins with an absorption maximum at 273 nm instead of 266 run.
Comparisons with several known pteridines, including 7,8-dihydropterins, ruled out this oxidation stage and the structure is still unknown.
UV-Irradiation of hTH1 by a high intensity mercury lamp caused a time-dependent inactivation and aggregation of the enzyme, although the use of cut-off filters (output maximum from 250-375 nm) and temperature control to some extent limited these effects . The inactivation preceded the aggregation (Figure 4b) , and is most likely due to a photochemical change in the enzyme caused by excitation of aromatic amino acids and not by thermal heating, since the temperature in the cuvette never exceeded 6.5 0 C. The rate of inactivation of hTHI was found to increase upon photolysis of 6-AzmH 4 Ptr, while 6-methyl-5,6,7,S-tetrahydropterin (6-MH4Ptr) and also H4Bip (data not shown) partially protected the enzyme against this inactivation (Figure 4a ). This protection may be caused by an inner filter effect due to the high absorbance of the pteridines at the selected wavelength region (250-375 nm), or by a substrate induced conformational change of the protein which alters its sensitivity to LN-light (16, 17) . 
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Minutes of Irradiation hTHI photolysed in the presence of 6-AzxnHJ'tr was treated with iodine and subjected to gel permeation chromatography (P-I0, Bio-Rad). A fluorescent group was detected in the protein, which most likely represented an oxidized pteridine derivative (results not shown). This fluorescence is also seen in hTHI photolysed in the presence of 6-MH 4 Ptr. The reactive species in these experiments may thus be the photosensitive pteridine ring itself. However, the rapid decrease in activity of hTH1 photolysed in the presence of 6-AzmH 4 Ptr compared to the protective effect of 6-MH 4 Ptr and ILBip indicated that the azido group is involved in the inactivation process. This may occur either by covalent binding of the pteridine moiety to the enzyme active site, or by a modification of the enzyme by some other mechanism. After digestion of the enzyme by trypsin and subsequent peptide mapping by HPLC, several fluorescent peptides were isolated. However, the yield of these peptides was too low to permit the determination of their amino acid sequences.
Experimental Part
General. 
Enzyme and enzyme assays
The human isozyme of tyrosine hydroxylase (hTHl) was expressed in E. coli and purified as described (19, 20) . Assay for enzyme activity was performed at 30°C for 5 min. as described (21), using dithiothreitol (DDT) to regenerate the cofactor during the enzymatic reaction. The amount of cofactor (6-MH 4 Ptr) in the assay mixture was 0.5 mM, which exceeded the amount of either 6-AzmH 4 Ptr or 6-M~Ptr carried over from the photolysis mixture (see below) bey 10, 000 times.
Human recombinant phenylalanine hydroxylase (hPAH) was expressed in E. coli and isolated as described (22) .
Photolysis of pteridines and inactivation of hTHl
The photolysis of pteridines was carried out ill 100 mM NaHepes pH 6.0 at O°C using an optical bench (Oriel MN, USA) equipped with a 100 W mercury lamp, a temperature controlled reaction chamber, a model 815 Newport power meter and two cut-off filters giving an output maximum from 250-375 llffi. Photolysis of pteridines in the presence of hTHI was carried out in a reaction mixture (O°C) containing 100 mM NaHepes pH 6.0, 0.05 mg/rul catalase, 10 ~M Fe(11), 10 ~M subunits of hTHI and 10 ~M of either 6-AzmH 4 Ptr or 6-M~Ptr. At selected time intervals, 10 ~ aliquots of the reaction mixture were diluted with 190 ~l 0.5 mg/ml catalase and the enzyme activity was measured.
Analysis of 6-AzmH,?tr (9) and its breakdown products
6-AzmH 4 Ptr and its reaction products were an alysed by HPLC using a Phenomenex C Ultracarb 3~m C18 reversed phase column 50x4.6lllll1 with a 30x 4.6 rum precolumn, phosphoric acid (H 3 P0 4 ) pH 2.5 as the mobile phase and a photodiode array UV-detector from Hewlett-Packard. 6-AzmH 4Ptr (9) (t,.= 3.88 min), 6-~Ptr (t r = 2.70 min) and an unknown photolysis product (t r = 2.39). (2) (8) In 800 ml of 0.1 N NaOH 5.0 g (26 mInol) of 2.4-diamino-6-hvdroxymethyl-pteridine (1) (8) were heated under reflux for 5 hours. The hot, redcoloured solution was treated with charcoal, filtered and the hot filtrate neutralized by AcOH to pH6. On cooling a yellowish precipitate separated from the solution. Afterkeeping at O°C over night the solid was collected, washed with H 2 0 and MeOH and dried at 100°C in the oven to give 4.46 g of crude material. Further purification was achieved by dissolving the substance in 300 ml of hot H 2 0 and addition of conc. ammonia. Treatment with charcoal, filtration and then dropwise addition into 500 ml of boiling 10% AcOH. After cooling the precipitate was collected, washed with H 2 0 and dried at 100°C to give 3.68 g (73%) of a yellowish crystal powder of m.p.>350°C. IH-NMR (TFA/D6-DMSO): 8.9 (s, IH, H-C(7»; 4.8 (s, 2H, CH 2 ). The spectroscopic and chromatographical data are identical with those of an authentic sample.
6-Hydroxymethylpterin

N 2 -Isobutyryl-6-isobutyryloxymethylpterin (3)
A suspension of 4.0 g (21 rumol) of 6-hydroxyruethylpterin (2) in 50 ml of pyridine and 30 rul of isobutyric anhydride was refluxed for 5 hours. The dark solution was evaporated, the residue treated with MeOH for 30 min and then again evaporated to dryness. After evaporation with toluene the residue was treated with ethyl acetate forIning a yellow precipitate. The solid was collected, dissolved in little CHCl 3 and purified by column chromatography on silica gel using CHCI 3 /MeOH 30/1 as an eluant. The main fraction gave on evaporation 4.89 g of a colorless solid which was recrystallized from hexane/CHCl 3 to give 4.32 g (62%) of colorless crystals of m.p. 183°C. pKa: -1.12,7.24. UV (Ho -3. In a shaking apparatus 0.7 g of Pt0 2 were reduced under a hydrogen atmosphere in 300 ml of MeOH and 15 ml of trifluoroacetic acid. Then 4.0 g (12 mmol) of 3 were added and reduction continued till 540 ml of H2 were consumed. The catalyst was filtered off under Argon atmosphere, the filtrate evaporated in vacuum and then the residue consisting of 4 treated with 1.9 g of pivaloyl chloride in 180 ml of pyridine at room temperature over night. The solution was evaporated to dryness, coevaporated with toluene and then the residue purified by chromatography on silica gel using a gradient of CHC1 3 -CHCI 3 /MeOH 95/5. The main fraction was concentrated to a small volume whereby the product separated. 
-tetrahydro-pterin (7).
A suspension of 0.176 g (0.63 mmol) of 6 in 10 ml of anhydrous DMF was treated with 0.8 ml of dimethylformamide-diethylacetal under stirring until a clear solution was obtained. It was evaporated in high vacuum to dryness and the residue purified by column chromatography on silica gel using as an eluent a gradient of CHCl 3 -CHCI 3 /MeOH 20/1. The product fraction was evaporated and dried in high vacuum to give 0.11 g (52%) of a colorless powder of m.p. 
6-Azidomethyl-N
2 -dimethylaminomethylen-5-pivaloyl- 5,6,7,8-tetrahydropterin (8) .
To a suspension of 0.101 g (0.3 mmol) of 7 in anhydrous DMF was added with stirring 79 mg of triphenylphosphane, 53 mg of ethyl azodicarboxylate and 83 mg of diphenylphosphoryl azide. When the educt had disappeared on TLC and a clear solution was obtained evaporation in high vacuum was performed. The residue was dissolved in CH 2 Cl z , shaken with a solution of NaHC0 3 and then the organic phase dried over Na 2 S0 4 . After evaporation the material was purified by column chromatography on silica gel using a gradient of CHCl 3 -CHCI 3 /MeOH 25/2 . The product fraction was evaporated and the residue dri 
6-Azidomethyl-5,6, 7,8-tetrahydropterin dihydrochloride (9).
In 10 ml of methanolic HCI 97 mg of 8 were heated under reflux for 30 min and then the mixture stirred at room temperature over night. The obtained precipitate was collected, washed with ether and dried in high vacuum to give 44 mg (56%) of a colorless crystal powder of m .p.> 150°C (decomp. 
